Results: A total of 26 patients (11 continuous and 15 intermittent dialysis) were investigated. Compared with that in patients with negative fluid strategy, SVV was significantly higher at baseline in patients with positive fluid strategy, while baseline SVI was significantly lower. Fluid removal was associated with significant increases to SVV in both strategy groups. Fluid removal was associated with significant decreases to SVI, and this effect was similar regardless of fluid strategy. Conclusion: Physiologic variables assessing cardiac performance (SVI) and preload responsiveness (SVV) provide simple yet meaningful targets when one is determining the best approach for volume management in critically ill patients undergoing dialysis.
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IntroductIon
Appropriate management of intravascular volume in the critically ill improves outcome, yet achieving optimal volume status remains challenging. Recent guidelines support the use of aggressive resuscitation in the early phases of critical illness (1, 2) ; however, an excessively positive fluid balance independently impacts patient outcomes, including mortality and length of stay (3) (4) (5) (6) (7) (8) (9) . In patients with acute kidney injury (AKI), volume management becomes even more complex. Renal replacement therapy (RRT) allows precise titration of intravascular volume by prescribing various amounts of ultrafiltration (10) . One goal is to remove excess extracellular fluid and simultaneously avoid detrimental reductions in intravascular volume (11) . Dialysis-associated hypotension is common (12) (13) (14) , and targeting delta blood volume (DBV) during RRT to avoid large fluid shifts is a common strategy to address this issue. DBV is calculated as a percentage change in circulating blood volume based upon the degree of hemodilution (+DBV) or hemoconcentration (−DBV) achieved during an RRT session. Evaluation of cardiac performance utilizing stroke volume index (SVI) and preload responsiveness with stroke volume variability (SVV) determined from the arterial waveform is increasingly being utilized for volume management of the critically ill. The arterial pressure cardiac output (APCO) monitor is an evolving technology providing physiologic data to determine appropriate interventions using improved cardiac performance as a goal (15) . SVV is a sensitive predictor of volume or preload responsiveness and is a primary output in the data display of the commercially available APCO technologies (16) (17) (18) acute renal failure is a risk factor for 60-day mortality (4, 7) . Patients with acute respiratory distress syndrome demonstrated decreased number of days on mechanical ventilation and length-of-stay when managed with aggressive volume removal (3). Optimal fluid management in patients with renal failure may ultimately improve mortality and morbidity and is always a goal of RRT. Specifically, volume therapy is prescribed during RRT often based on fluid balance and/ or weight gain. Current strategies for optimal volume management recognize the potential deleterious effects of both volume overload and hypovolemia (2) (3) (4) (5) (6) (7) (8) (9) . Using physiologic targets allows precise titration of the volume prescription for the critically ill. The purpose of our study was to examine the relationship of DBV to SVI and SVV over 3 hours in critically ill patients with renal failure undergoing dialysis.
MAterIAls And Methods

Study subjects
After institutional review board approval, we completed this protocol in the adult intensive care unit (ICU) of Baystate Medical Center, Springfield, Massachusetts. Each patient or patient surrogate provided informed consent for this prospective, observational study. Eligible patients received RRT with simultaneous volume-controlled mechanical ventilation along with the presence of an indwelling arterial catheter. Exclusion criteria included aortic valve regurgitation, the presence of an intra-aortic balloon pump and weight of less than 40 kg. Also excluded were patients with pronounced cardiac dysrhythmias, including atrial fibrillation, atrial flutter and bigeminy, due to their impact on the hemodynamic data, specifically the utility of SVV as a measure of volume responsiveness.
Design
We prospectively measured several parameters in patients undergoing intermittent RRT (IRRT) or continuous RRT (CRRT). These included DBV and hematocrit (HCT) measured via the Crit-Line III (Hemametrics, Kaysville, UT, USA), a portable fluid management tool incorporating photo-optical technology attached to the dialysis circuitry (http://www. hemametrics.com). Cardiovascular parameters obtained simultaneously included cardiac index (CI; l/min/m 
Data collection and statistical analysis
Data were collected continuously while patients underwent RRT (either continuous or intermittent) and analyzed at 5-minute intervals, up to a maximum of 36 time points (3 hours). The change in blood volume, DBV, calculated as the percentage change (+ or −) from baseline at each interval, was the primary predictor of interest. Patients were grouped into negative or positive DBV based on each individual's slope of DBV over time. Patients were classified as "negative" fluid strategy if fluid was removed during RRT, or "positive" fluid strategy if fluid was added during RRT. For each outcome, intraclass correlation coefficients (ICCs) were calculated using large 1-way analysis of variance (ANOVA). The ANOVA-estimated ICC ranges from 0 to 1; higher values suggest between-patient variability is large relative to within-patient variability (19) . Substantial ICCs suggest appropriate repeated-measures analyses should be used to ensure accurate estimation of standard errors and p values. Random effects linear models were built to quantify the DBVs' association with SVV and SVI. Interaction terms were included in the linear models to examine whether the impact on cardiac parameters differed significantly by fluid strategy group. The main effects coefficients represent the average change in each cardiac measure for every percentage change of DBV (20) . Alpha was specified at ≤0.05 for all tests of significance. Analyses were conducted in Stata/MP 11.2 for Windows (2009; StataCorp LP, College Station, TX, USA).
results
A total of 26 patients (11 CRRT, 15 IRRT) were enrolled in the study. Patient characteristics are shown in Table I . The average patient age was 51.7 years, most were male (73%); and 58% were on IRRT. All were mechanically ventilated.
Delta blood volume
Over the 3-hour analysis interval, the average patient's DBV was −2.5% ± 3.9%. DBV became more negative over time in 18 of 26 patients (β=−0.19%, 95% confidence interval [95% CI], −0.12% to −0.25%), whereas it was more positive over time in 8 of 26 patients (β=0.09%, 95% CI, 0.04% to 0.13%).
DBV association with cardiac measures
Means, standard deviations and ICCs of all cardiac measures are presented by DBV in Table II .
Stroke volume variability
Baseline SVV was significantly higher in patients with positive DBV (Tab. III). For patients with negative DBV strategy, each unit of fluid removed increased SVV by 0.12% (95% CI, 0.02% to 0.22%). For patients with positive DBV strategy, each unit of fluid removed increased SVV by 0.43% (95% CI, 0.24% to 0.63%). The difference in response between groups (0.31%) was statistically significant (p=0.006), and was apparent in the divergence of slopes in Figure 1 .
Stroke volume index
As shown in Table IV and Figure 2 , baseline SVI was significantly higher in patients with negative DBV strategy than in those with positive DBV strategy. Nevertheless, the association of DBV with SVI was similar regardless of fluid strategy, with SVI decreasing modestly when fluid was removed in either group.
Cardiac index
Baseline CI was modestly but significantly higher in patients with negative DBV strategy (3.89 l/min/m 2 vs. 3.12 l/min/m 2 ; p=0.02). Negative DBV produced a nonsignificant reduction Values are means (95% confidence interval) and ICCs (95% confidence interval). CI = cardiac index; DBV = delta blood volume; ICC = intraclass correlation coefficient, proportion of between-subject variability relative to total variability (within-subject plus between-subject); SVI = stroke volume index; SVV = stroke volume variability. When delta blood volume (DBV) and time were zero, represented by the model intercept (point estimates), patients in the negative DBV group had significantly higher stroke volume index (SVI) than those in the positive DBV group. Every unit of fluid removed was associated with a decrease in SVI of 0.09 ml/beat per m 2 (or, conversely, increase if fluid was added). Unlike stroke volume variability (SVV), fluid change affected SVI similarly, regardless of overall fluid strategy. *Intercepts differ significantly at p=0.008. † Common slope for positive and negative DBV. in CI (−0.01%, 95% CI, 0.0% to 0.01%); the magnitude of this effect was similar in both negative and positive DBV strategy groups (p=0.35).
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dIscussIon
Physiologic variables assessing cardiac performance (i.e., SVI) and preload responsiveness (i.e., SVV) provide simple targets to aid volume management in critically ill patients undergoing dialysis. Our study examined the effects of DBV on these measures. When dialysis groups were dichotomized based upon positive or negative DBV, patients with a negative DBV strategy started with both a higher SVI and a lower SVV. This was the expected result, as SVI is a measure of cardiac performance, and higher values indicate adequate preload. Volume removal in these patients can be managed using hemodynamic physiology that depends on adequate preload to maintain optimal flow. SVV also correlated well with volume strategy. This was expected, as SVV predicts preload responsiveness. Patients with low SVV are on the preload-independent part of the Frank-Starling curve, and volume removal is not expected to negatively influence cardiac performance. An SVV of less than 13% is an accepted cutoff to indicate that a patient falls into this category (21-23). CI was not a good predictor for tolerance of DBV. Stroke volume (SV) is a better measure of the impact of changes in preload on cardiac performance eliminating the effect of heart rate (HR) on CI. The change in SVV induced by volume removal independent of overall DBV strategy was also expected. Our data were continuous, and the primary end points were volume removal or addition over the time intervals studied; however, even in patients whose overall DBV was negative, there would be time intervals when DBV was increasing -similarly, for those patients whose overall DBV was positive, there would be time intervals when DBV was decreasing. The slope of the lines reflecting these intervals can be thought of as the slope of the Frank-Starling curve at a specific point in time (Fig. 3) . Patients who required volume during their dialysis session are on the steep portion of the Frank-Starling curve (Fig. 3, section A) and thus have greater slope (or change in volume per unit of fluid removed). Those undergoing volume removal during their dialysis treatment and operating on the preload-independent, flat portion of the Frank-Starling curve (Fig. 3, section B) would be expected to see less change in SVV for each unit of fluid removed. Utilization of vital signs to ascertain volume status is common. Static pressure measures, central venous pressure and pulmonary artery occlusion pressure are sometimes employed but are poor measures of volume status and fluid responsiveness (24) (25) (26) . Additionally pressure measurements by themselves do not provide any information regarding cardiac performance (4, 7). SVV allows recognition of optimal preload by identifying and individualizing the Frank-Starling relationship (Fig. 3) (23) . Utilizing a cardiac function target (i.e., SVI) while being guided by a number (i.e., SVV) provides important physiologic assurance that hemodynamic performance is not compromised during volume manipulation with RRT (23) . Regardless of dialysis technique, baseline SVV provided excellent discrimination of those patients from whom volume could be safely removed. An SVI of at least 35 ml/beat/m 2 (27) , provides further assurance that volume removal during RRT will not negatively impact hemodynamic status. Figure 4 is a proposal for applied physiologic volume management during RRT that requires validation. Our study has several limitations. It is based on a heterogeneous but small (n=26) sample; therefore, we were unable to examine whether associations varied by sex, age or dialysis type. Studies in larger numbers of patients should be undertaken to support our preliminary findings and test their generalizability. Our findings should be interpreted as hypothesis-generating and should not be used to inform treatment strategies. Nevertheless, the relationship between SVV and SVI is well described and is used routinely to optimize the Starling relationship (22, 24, 28) . Pulse contour analysis of the arterial waveform provides an estimate of SV that is significantly influenced by both pathophysiology and therapy which influence vasomotor tone. In our study, lack of detailed assessment of pathophysiology and therapy (vasoactive drugs) that impact vascular tone is a major limitation potentially limiting generalizability of these findings (29) . Furthermore, the utility of SVV as a measure of volume responsiveness without description of both tidal volume (V t ) and lung compliance further limits comprehensive understanding of these data (30, 31) . However, despite these significant limitations, we still find SVI and SVV to be highly correlated to fluid strategy.
Our study is unique in looking at cardiac performance and volume responsiveness for critically ill patients undergoing RRT. More research is needed to better define protocols for volume management in critically ill patients undergoing RRT. Physiology-based volume removal in the critically ill patient with renal failure may simplify what is often a challenging and largely arbitrary decision. As we learn more about how to DE-resuscitate VOLume oVErloaded patients (letting them Devolve Mailloux/McGee 2009), it is possible we will see a concurrent improvement in their outcomes as other data support this (3) (4) (5) (6) (7) (8) (9) .
Conclusions
SVI and SVV targets, providing assurance volume management based on DBV as measured with the Crit-Line, have a physiologic basis. Physiologic goals have the potential to facilitate volume management in critically ill patients undergoing RRT.
Institutional Review Board (IRB) approval was obtained, and the study adhered to the Declaration of Helsinki. 
